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We present new Neutron Spin Echo (NSE) results and a revisited analysis of historical data
on spin glasses, which reveal a pure power-law time decay of the spin autocorrelation function
s(Q, t) = S(Q, t)/S(Q) at the glass temperature Tg, each power law exponent being in excellent
agreement with that calculated from dynamic and static critical exponents deduced from macro-
scopic susceptibility measurements made on a quite different time scale. It is the first time that
this scaling relation involving exponents of different physical quantities determined by completely
independent experimental methods is stringently verified experimentally in a spin glass. As spin
glasses are a subgroup of the vast family of glassy systems also comprising structural glasses and
other non-crystalline systems the observed strict critical scaling behaviour is important. Above the
phase transition the strikingly non-exponential relaxation, best fitted by the Ogielski (power-law
times stretched exponential) function, appears as an intrinsic, homogeneous feature of spin glasses.
PACS numbers: 75.50.Lk, 78.70.Nx, 75.40.Gb
The glass transition, characterised by a dramatic slow-
ing down of the dynamics without any noticeable change
in the spatial order, is a generic phenomenon, seen in sys-
tems as different as disordered magnets, polymers and
biological substances. In spite of its universality and
of intense experimental and theoretical efforts it is still
controversial whether the glass transition in structural
glasses is a gradual freezing or a phase transition. The
difficulty to identify the nature of the glass transition
is due to the absence of an observable order parame-
ter analagous to magnetization in the low temperature
phase, usually a key quantity in the study of phase tran-
sitions. This is due to the absence of any static spa-
cial fingerprint; instead, the order parameter appears in
the dynamics1,2. In fact, the ”snapshot” structure factor
S(Q) = S(Q, t = 0), which reflects the short and medium
range static correlations, shows no essential change when
passing from the high temperature liquid (or paramag-
net) to the low temperature frozen glass phase. In this
situation the observation of dynamic scaling relations,
which are the direct consequence of the homogeneity hy-
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pothesis in the vicinity of a critical instability3 can reveal
the crucial signature of a true phase transition.
In spin glasses, which are the simplest realisations of
glassy systems from the experimental as well as from
the theoretical point of view, a phase transition is well
established4,5. Low frequency dynamic susceptibility as
well as the non linear part of the static susceptibility fol-
low the scaling relations and the analysis leads to accu-
rate determination of the static critical exponents γ, β, δ
and of the dynamic exponent z6,7,8,9. The verification of
scaling relations between certain exponents, determined
by completely independent experimental methods, how-
ever, was up to now impossible due to the absence of
any obvious critical behaviour on other physical quan-
tities, like the specific heat. Here we show that scal-
ing relations can also be verified experimentally in spin
glasses. New Neutron Spin Echo (NSE) results and also
a revisited analysis of historical data10,11,12 show a pure
power-law time decay of the spin autocorrelation function
s(Q, t) = S(Q, t)/S(Q, t = 0) at the glass temperature
Tg, with a power law decay exponent which is in excel-
lent agreement with that calculated from the dynamic
and static critical exponents deduced from zero and low
frequency susceptibility measurements. The interplay
between neutron scattering, macroscopic magnetic, hy-
perfine field measurements, and simulations has always
2been decisive in understanding spin glasses and these re-
sults constitute the strongest experimental evidence yet
for a true phase transition with a non-conventional order
parameter; they also imply that the prominently non-
exponential relaxation is an intrinsic, homogeneous fea-
ture of spin glasses.
FIG. 1: Temperature dependence of the normalised interme-
diate scattering function s(Q,t) of Au0.86Fe0.14. The spec-
tra were collected at Q = 0.4 nm−1 with the Neutron Spin
Echo spectrometer IN15 (ILL) for T=30.7 K (closed squares),
40.6 K (∼Tg , open squares), 45.7 K (closed circles), 50.8 K
(open circles) and 55.8 K (closed rhombs) respectively. The
continuous lines are the best fits to the data of a simple power
law decay below Tg (∼41 K) and of the Ogielski function
above Tg (see text)
Most of the information about glass transitions comes
from the high temperature unfrozen phase, where ther-
modynamic equilibrium is easily reached without any
long-time drifts and aging phenomena. In spin glasses,
where the magnetization is always zero, the fundamen-
tal parameter is the mean spin autocorrelation function
q(t− t
′
) =< Si(t).Si(t
′
) > where Si is the spin at a site
i and the average runs over all sites and configurations
of the sample. Critical behaviour in the paramagnetic
phase is seen in the non-linear susceptibility (or ”spin
glass susceptibility”).6,7,8,9 Below Tg the Edwards Ander-
son order parameter q(t→∞) = <Si(t = 0)Si(t→∞)>,
becomes non-zero.1,13 Neutron Spin Echo spectroscopy
measures the scattering function S(Q, t) and after nor-
malization by S(Q, 0) delivers a direct determination of
the autocorrelation function q(t) = s(Q→0, t). NSE cov-
ers a time domain ranging from 10−12 s to some 10−8 s,
i.e. from characteristic microscopic times up to times,
which already belong to the ”long” time relaxation do-
main. The first NSE experiment ever performed on a
glassy system was made on the reference spin glass CuMn
5% in 197910 and the results strongly influenced subse-
quent thinking on (spin)glass dynamics. For the first
time is was shown that non-conventional dynamics is not
FIG. 2: NSE spectra of Au0.86Fe0.14 collected at Q=0.08A˚
−1
at the ILL spectrometer IN15 (full symbols) and at the
BENSC spectrometer SPAN (open symbols) plotted in a lin-
log scale. The circles are measured at 45.6 K and the triangles
at 40.6 K respectively. For the sake of clarity the data sets
corresponding to each of the temperatures have been shifted
with respect to each other in the vertical scale. The data
at 40.6 K are fitted to a simple power law (continuous line).
The continuous line through the 45.6 K data represents the
fit of an Ogielski function (see text). The dashed and dotted
curves correspond to a stretched exponential and a simple
exponential decay respectively.
limited to the spin glass phase but also extends into the
paramagnetic phase well above Tg. Non-exponential and
Q-independent relaxation occurs in a large temperature
range up to 2-3 Tg, which can arguably be identified with
the Griffiths phase14. For about T>1.2 Tg the relaxation
can be described by a broad distribution of Arrhenius
activation energies. Closer to Tg, however, a more dra-
matic slowing down sets in, which can be interpreted as
the footprint of a phase transition with a critical region of
usual extent. Here we report on the first detailed analysis
of s(Q, t) around Tg in spin glasses, based on enhanced
quality data obtained by using new generation NSE spec-
trometers.
For an accurate determination of the NSE spectra we
chose Au0.86Fe0.14. AuFe is a classical metallic Heisen-
berg spin glass with significant local anisotropy15 and
with strong ferromagnetic correlations which amplify
the magnetic scattering in the forward direction so im-
proving the ratio between the magnetic signal and all
non-magnetic (structural) contributions, i.e. the signal
to noise ratio. The sample was a polycrystalline disc
0.5 mm thick with a diameter of 37 mm prepared by
arc melting of the constituents. It was subsequently
cold worked, homogenised at 900oC, annealed at 550oC
and then quenched and kept in liquid Nitrogen.16 Given
the vicinity to the percolation threshold xc (∼15.5% at.
Fe), above which ferromagnetism sets in,17 the anneal-
ing and quenching procedure was repeated before every
3FIG. 3: s(Q,t) of Au0.86Fe0.14 measured at 0.04 A˚
−1 (close
symbols) and 0.08 A˚−1 (open symbols) for 45.6 and 40.6 K
respectively. For the sake of clarity the data sets correspond-
ing to each of the temperatures have been shifted with respect
to each other in the vertical scale.
series of measurements. The NSE data were collected at
the high resolution spectrometer IN15 of ILL18 at an in-
coming wavelength of 0.8 nm for Q = 0.4 and 0.8 nm−1
respectively. These results were supplemented by mea-
surements at the wide angle NSE spectrometer SPAN
of BENSC19 at an incoming wavelength of 0.45 nm for
0.6 nm−1≤Q ≤ 2.6 nm−1. We used the paramagnetic
NSE set-up, which directly delivers the magnetic part of
the NSE signal and for this reason no background cor-
rection was required. All NSE spectra were normalized
against the resolution function of the spectrometers, de-
termined with the sample well below Tg, at 2 K, where
the spin dynamics is completely frozen. A small part of
the sample was taken out for dc susceptibility measure-
ments with a commercial SQUID magnetometer at the
HMI and for ac susceptibility measurements, which were
made from 10 Hz up to 10 KHz with the MAGLAB setup
at the Physics and Astronomy Department, University of
Leeds. The spin glass temperature of Tg = 41.0± 0.3 K
was determined from the maximum of the static suscep-
tibility.
The normalised intermediate scattering function s(Q,t)
of Au0.86Fe0.14 at Q = 0.4 nm
−1 is shown in Fig. 1
plotted in a log-log scale. The spectra span a dynamic
range of three orders of magnitude and by combining
spectra collected at two wavelengths on IN15 and SPAN
the time domain of the observation is extended up to
almost 4 decades (Fig.2). The time dependence of the
experimental s(Q, t) is impressively similar to that of the
numerical q(t) found in large scale Ising spin glass simu-
lations, which revealed the existence of a phase transition
in three-dimensional Ising spin glasses.20 From quite gen-
eral scaling arguments,21 at a continuous phase transition
relaxation must be of the form t−xf(t/τ(T )) where τ(T )
diverges as (T − Tg)
−z, and f is a non-universal func-
tion to be determined for each system. For a spin glass
the power law exponent x is related to the standard crit-
ical exponents through x = (d − 2 + η)/2z20. Here η
is the Fisher or ”anomalous dimension” exponent and z
is again the dynamical exponent. The Ising simulations
showed that, as Tg is approached from above, q(t) is
strongly non-exponential. Ogielski chose to represent f
by the stretched exponential or KWW function, familiar
in fragile glass dynamics. Excellent fits were obtained
with q(t) ∝ t−xexp((−t/τ(T ))β) and T dependent τ and
β. (The KWW β is not to be confused with the crit-
ical exponent β). He and others found a temperature
dependent β tending to near 1/3 at Tg and increasing
with T .2,20,22,23 The most important point for our data
analysis is that precisely at Tg dynamic scaling predicts
a pure power law decay for the autocorrelation function :
q(t) ∝ t−x. This rule is quite general; its functional form
does not depend on details such as the Ising character of
the spins but the value of x depends on the exponents
for the particular system under study. Scaling therefore
gives a unique opportunity for describing the NSE spec-
tra at Tg in terms of exponents determined by completely
independent dynamic and non-linear macroscopic suscep-
tibility measurements.
FIG. 4: Combined NSE spectra with s(Q=0,t) values deduced
from macroscopic ac susceptibility measurements below Tg .
Also in the close vicinity of Tg, the pure power law decay of
s(Q,t) holds over an impressively large dynamic range of more
than nine orders of magnitude in time, from the microscopic
to the macroscopic times.
As seen on Fig. 1, for T≤Tg we found s(Q,t) ∝ t
−x
and the lines represent the best fits to the data with
x=0.116±0.007 and 0.025±0.005 at T=40.6(∼Tg) and
30.7 K respectively. Above Tg the relaxation is also
strongly non-exponential. As shown in Figure 2, pure ex-
ponential as well as stretched exponential decay (without
the power-law prefactor) can be definitively ruled out at
all T in the range studied. In fact at 45.6 K, the fit with
the Ogielski function leads to χ2 = 0.28, which is signif-
4FIG. 5: Revisited analysis of the historical s(Q,t) data on
CuMn 5% (5). Below Tg (∼27.5 K) the NSE spectra were
combined with values calculated from the dynamic suscepti-
bility (104≥ t ≥ 107 ns). The data are plotted in a log-log
scale and the continuous lines correspond to a simple power
law decay below Tg and to the Ogielski function above Tg .
icantly lower than χ2 = 0.55, the value obtained for the
stretched exponential and χ2 = 1.67 for the simple expo-
nential respectively. The power law part of the Ogielski
function, which holds at short times, describes the main
part of the relaxation above Tg and the spectra of Figure
1 lead to an accurate determination of the effective power
law exponent x as function of T . On the other hand, the
stretched exponential only influences the tail of the relax-
ation so the parameters τ(T ) and β are obtained here to
low accuracy: τ(T )≈ 0.3 ns and β≈1 at 55.8 and 50.8 K
whereas τ(T )≈22 ns and β≈0.66 at 45.7 K. In similar sys-
tems, muon spin depolarisation measurements which are
sensitive to the time range from 10 ns up to about 50 µs
(i.e. in the range where the relaxation above Tg is mainly
described by the stretched exponential) showed that in
fact β approaches about 1/3 at Tg
24,25 as expected by
the simulations. Susceptibility measurements very close
to Tg in an Ising spin glass show a similar limiting value of
β.27 Furthermore, recent magnetic-field dependent muon
spin depolarisation measurements on several AgMn spin
glasses, analysed assuming an Ogielski-like decay of the
correlations, lead to values of x tending to ∼0.15 at Tg
in agreement with our results.25
The large dynamic range covered by our data and
their accuracy allow us to distinguish between a simple
stretched exponential decay, the Ogielski function with
β = 1 (power law times simple exponential), and the full
Ogielski function; the full function is needed to give an
acceptable fit of the data over the whole time and tem-
perature range.
In spin glasses the normalized s(Q, t) does not vary
with Q, in dramatic contrast to the strong Q-dependence
of the dynamics in ferromagnets. This remarkable Q-
independence of the relaxation in spin glasses10 implies
that the NSE s(Q,t) can be identified with q(t) and anal-
ysed in the frame of dynamic scaling. The NSE spec-
tra of Au0.86Fe0.14 collected on IN15 for Q = 0.4 and
0.8 nm−1 and on SPAN for 0.6 nm−1≤Q≤2.6 nm−1 con-
firmed this behaviour. Fig. 3 compares, in a lin-log plot,
spectra collected at 45.6 and 40.6 K for Q= 0.04 A˚−1 and
0.08 A˚−1 respectively. The data almost overlap although
the Q-values differ by a factor of two and the magnetic
intensity decreases by almost a factor of 3, which ex-
plains the larger error bars of the data set at 0.08 A˚−1.
The Q-independence of s(Q,t) was an important check of
the high quality of our samples in a concentration range
close to ferromagnetism. It also implies that s(Q,t) can
be directly related to the macroscopic ac susceptibility
χ(Q=0, ω) = S(Q=0)[1-s(Q=0,t)]/kT.11 The meaning of
this equation is quite simple: s(Q, t) is the fraction of the
total magnetic response S(Q) which does not relax be-
fore the time t, in other words s(Q, t) is the part of S(Q)
which cannot respond to a driving field of frequency 1/t.
Figure 4 shows the NSE spectra for T ≤ Tg combined
with s(Q, t) values deduced from macroscopic dynamic
(a.c.) susceptibility measurements on the same sample.
The data follow the power law decay over an impressively
large range of at least 9 orders of magnitude in time.
The impressive similarity between the experimental
s(Q,t) and the decay of q(t) found in large scale simula-
tions and more particularly the simple power law decay
found at and below Tg incited us to revisit the historical
CuMn 5% data. Below Tg, the spectra of CuMn 5% were
combined with macroscopic dynamic (ac) susceptibility
measurements and thus covered more than 9 orders of
magnitude in time down to the microscopic time scale.11
These data, plotted now on a log-log scale, also reveal
a power law decay below Tg over an impressively large
range of at least 9 orders of magnitude in time as shown
FIG. 6: Temperature dependence of the exponent x obtained
by fitting the NSE spectra to a simple power low decay below
Tg and to the Ogielski function above Tg . At Tg x∼0.12 as
predicted by dynamic scaling.
5in Fig. 5. Above Tg, which is at 27.5 K, the power law
holds only at short times and the decay can be described
by the Ogielski function with β≈1 just as in AuFe 14%.
The values of the exponent x, plotted versus the re-
duced temperature T/Tg in Fig. 6, are similar for both
metallic systems. This confirms the similarity of the
dynamic behaviour of AuFe, AgMn and CuMn systems
around Tg, pointed out by Uemura after comparing the
NSE spectra of CuMn 5% with µSR spectra of AgMn
and AuFe.26 As already mentioned, dynamic scaling re-
lates the value of x at Tg to the static and dynamic crit-
ical exponents, which can be determined completely in-
dependently from non-linear and ac macroscopic suscep-
tibility measurements. Well established values of these
exponents are available for a AgMn spin glass6 and for
CuMn and AgMn spin glasses doped with Au,7 in agree-
ment with more recent data on AuFe 14%. The static
exponents lead to η= 2-γ/ν = 0.23±0.3 and the dy-
namic exponent z=5.3±0.8 was determined by low fre-
quency susceptibility measurements. From these val-
ues we calculate x=0.116±0.026 in excellent agreement
with x=0.116±0.007, the value we have observed on
Au0.86Fe0.14 at Tg. It is important to note that the
value of x in these basically Heisenberg spin glasses
is considerably larger than that seen numerically20 or
experimentally27 in Ising spin glasses where x≈0.07.
Our results represent the first verification of scaling in
spin glasses relating quantities of very different nature
and measured by different methods on very different
time scales, namely the microscopic time dependence
of the autocorrelation function at times between the
microscopic time and 10−7 seconds on the one hand,
and the macroscopic a.c. susceptibility at time scales
greater than 10−3 seconds together with the static
non-linear susceptibility on the other. This agreement
constitutes a most compelling evidence for a true phase
transition in spin glasses at Tg. In addition, this demon-
stration of critical relaxation characterisic of a phase
transition also implies that the entire non-exponential
temporal relaxation in these spin glasses is an intrinsic,
homogeneous feature, as already evidenced by Uemura
after comparing µsR, NSE and dynamic susceptibility
data.26 This conclusion is in obvious contrast to the
clear evidence for the heterogeneous origin of the
non-exponential relaxation in some structural glasses,
where also no clear signature of a phase transition could
be found.28 The clear evidence for a phase transition
with a non-conventional order parameter and intrinsic,
homogeneous non-exponential relaxation in spin glasses,
a member of the large family of glassy systems, which
also include structural glasses, other non-crystalline
systems and living matter, is of particular importance
in view of the unsolved central question of the nature of
the glass transition in general.
ACKNOWLEDGMENTS
C. Pappas would like to acknowledge fruitful discus-
sions with R. Cywinski and S. Kilcoyne, who also made
possible the susceptibility measurements at the Physics
& Astronomy Department of the University of Leeds. P
Manuel would like to acknowledge postdoctoral support
from EPSRC Research Grant GR/M77260.
6∗ Electronic address: pappas@hmi.de
† Electronic address: mezei@hmi.de
‡ Electronic address: ehlers@ill.de
§ Electronic address: P.Manuel@rl.ac.uk
∗∗ Electronic address: campbell@ldv.univ-montp2.fr
1 G. Parisi, Phys. Rev. Lett. 43 (1979) 1754
2 W. Go¨tze, in Liquids, Freezing and Glass Transition, Les
Houches, Session LI., J.P. Hansen, D. Levesque, J. Zinn-
Justin, Eds (Elsevier Science Publishers B.V., 1991) p. 28
3 B. Widom, Physica 73 (1974) 107
4 K.H. Fischer and J.A. Hertz, Spin Glasses, Cambridge Uni-
versity Press 1991
5 A.P. Young (editor), Spin Glasses and Random Fields,
World Scientific 1998
6 L. P. Le´vy, Phys. Rev. B, 38 (1988) 4963
7 N. de Courtenay, H. Bouchiat, H. Hurdequint and A. Fert,
J. de Physique, 47 (1986) 1507
8 C.C. Paulsen, S. J. Williamson and H. Maletta, Phys. Rev.
Lett. 59 (1987) 128
9 B.Ozcelik, K. Kiymac, J.C. Verstelle, A.J. van Duyneveldt
and A.J. Mydosh, J. Phys.: Condensed Matter 4 (1992)
6639
10 F.Mezei and A. Murani, J.M.M.M. 14 (1979) 211
11 F. Mezei, J.M.M.M., 31-34 (1983) 1327
12 S. M. Shapiro, H. Maletta and F. Mezei, J.A.P. 57 (1985)
3485
13 S. F. Edwards and P. W. Anderson, J. Phys. F, 5 (1975)
965
14 R.B. Griffiths, Phys. Rev. Lett. 23 (1969) 17
15 D. Petit, L. Fruchter and I.A. Campbell, Phys. Rev. Lett.
88 (2002) 207206
16 S. Crane and H. Claus, Solid St. Commun. 35 (1980) 461
17 B.R. Coles, B.V.B. Sarkissian and R.H.Taylor, Phil. Mag.
B, 37 (1978) 489
18 P. Schleger, G. Ehlers, A. Kollmar, B. Alefeld, J. F.
Barthelemy, H. Casalta, B. Farago, P. Giraud, C. Hayes,
C. Lartigue, F. Mezei and D. Richter, Physica B , 266
(1999) 49
19 C. Pappas, G. Kali, T. Krist, P. Bo¨ni, and F. Mezei, Phys-
ica B, 283 (2000) 365
20 A.T. Ogielski, Phys. Rev. B 32 (1985) 7384
21 P.C. Hohenberg and B.I. Halperin, Rev. Mod. Phys., 49
(1977) 435
22 G. Franzese and A. Coniglio, Phys. Rev. E 59 (1999) 6409
23 L.W. Bernardi, S. Prakash and I.A. Campbell, Phys. Rev.
Lett. 77 (1996) 2798
24 I.A. Campbell, A. Amato, F.N. Gygax, D. Herlach, A.
Schenck, R. Cywinski and S.H. Kilcoyne, Phys. Rev. Lett.
72 (1994) 1291
25 A. Keren, G. Bazalitsky, I. Campbell and J. S. Lord, Phys.
Rev. B 64 (2001) 054403
A. Keren, F. Gulener, I.A. Campbell, G. Bazalitsky and
A. Amato, Phys. Rev.Lett. 89 (2002) 107201
26 Y. J. Uemura, T. Yamazaki, D. R. Harshman, M. Senba,
and E. J. Ansaldo, Phys. Rev. B 31 (1985) 546
27 K. Gunnarsson, P. Svedlindh, P. Nordblad, L. Lundgren,
H. Aruga, and A. Ito, Phys. Rev. Lett. 61 (1988) 754
28 R. Boehmer. et al., Journal of Non-Crystalline Solids 235-
237(1998) 1
